ABSTRACT A new type insulated gate bipolar transistor (IGBT) with electron injection (EI-IGBT) is proposed in which an N + -buried layer is implemented in P-base region. The mechanism of the EI-IGBT is that electrons are injected in both OFF-and ON-state, thus accelerated electron-hole recombination is achieved, resulting in a fast turn-off process. Meanwhile, a low forward voltage drop is obtained due to an enhanced conductivity modulation. The simulation results show that, compared with the conventional IGBT, the proposed EI-IGBT delivers a comparable breakdown voltage while featuring an 80% shorter turn-off time (or a 72% lower turn-off loss) or a 23% lower forward voltage drop, resulting in a reduction of total energy loss.
I. INTRODUCTION
The insulated gate bipolar transistor (IGBT) has been widely used in power electronics such as power supplies, motor drivers, tractions [1] - [3] . One of the main issues concerning the development of IGBTs is to improve the tradeoff between the turn-off loss (E off ) and the forward voltage drop (V F ) [4] , [5] . Various methods for reducing turn-off time (t off ) of IGBTs have been reported. One is based on reducing the minority carrier lifetime in drift region to accelerate the recombination of the stored charges, such as electron irradiation [6] , neutron irradiation [7] and helium irradiation [8] . Another has been evolved is based upon reducing the stored charges in drift region by decreasing the injection efficiency of P + -anode/collector, such as transparent anode [9] , shorted collector [10] . However, it is apparent that these decreases in carrier lifetime and injection efficiency degrade the forward conduction characteristics, resulting in a higher V F .
In this letter, a new type IGBT with electron injection structure (EI-IGBT) is proposed to improve the forward conduction and turn-off characteristics. The electrons injected into N-drift region of the EI-IGBT not only increase the carrier density in ON-State, but also speed up the electron-hole recombination during turn-off process. Thus, the proposed EI-IGBT features a fast turn-off speed and a low forward voltage drop.
II. DEVICE MECHANISM AND MODEL
The cross-section of the proposed EI-IGBT structure is illustrated in Fig. 1 . Compared with the conventional IGBT (C-IGBT) [11] , the EI-IGBT features an N + -buried layer in P-base region. One terminal of the N + -buried layer is connected with MOS channel, the other terminal is floating. Fig. 2 (a) and (b) shows the operation mechanism and the corresponding equivalent circuits of the proposed EI-IGBT in ON-State and OFF-State, respectively. In EI-IGBT, the core components, three MOSFETs and two NPN transistors, are used to analyze the device operating principle in the ON-State and OFF-State, respectively.
In the forward conduction state, the channel electron currents (J MOS2 and J MOS3 ) trigger the hole current from collector to emitter. Due to the presence of the N + -buried layer, the hole current (base current for NPN 1 transistor) flowing into emitter electrode produces a voltage drop across resistance (R b ) within P-base region under the N + -buried layer (the lower P-base region). This voltage drop forward biases the emitter-base junction of NPN 1 transistor. When the maximum voltage drop across the emitter-base junction exceeds 0.7V (built-in potential), a substantial amount of electrons originated from N + -emitter via MOS 1 channel (J N1 ) will be injected from N + -buried layer to P-base region. Then the EI-IGBT features three electron injections (J MOS2 , J MOS3 and J N1 ) in on-state (see Fig. 2 (a) ). The concentration of the injected electrons in P-base region exceeds the background doping concentration leads to an enhanced conductivity modulation and a higher carrier plasma density in both N-drift region and lower P-base region under the N + -buried layer. Consequently, the EI-IGBT exhibits a lower V F .
More importantly, at the beginning of turn-off process, high level carrier injection still occurs around P-base/Ndrift junction (i.e., base-collector junction of NPN 2 ), thus a low resistance path is provided for the extraction of holes which results in a relatively large hole current (J H ). This J H tends to keep the emitter-base junction of NPN 2 forward biased. Consequently, electrons continue injecting from the N + -buried layer (J N2 ) until the voltage drop across the emitter-base junction of NPN 2 is less than 0.7 V (see Fig. 2 (b) ). It is important that these injected electrons provide enough negative charges to recombine with the holes stored in the N-drift region. So, this electron injection behavior of the EI-IGBT dramatically accelerates the turn-off speed and reduces the turn-off loss.
It is apparent that both the forward conduction and turnoff characteristics of EI-IGBT are influenced in principle by the hole current (J H ). The minimum J H for forward biasing the emitter-base junction of NPN transistor can be analyzed by the following analysis.
The total voltage drop (V P ) produced in the P-base region under the N + -buried layer is
where, L BL is the length of N + -buried layer, and x is the location for resistance calculation in the coordinate system with origin point at Si/SiO 2 interface of trench gate as shown in Fig. 3 , and ρ is the sheet resistance of the lower P-base region, which is given by [12] ρ = 1
where, q is electron charge, μ p is hole mobility, W is the P-base region depth, D BL is the N + -buried layer depth. The surface concentration of P-base (N peak ) and characteristic length (Y. CHAR ) can be obtained from simulation parameters [12] .
Then J H can be expressed as
The electron injection for EI-IGBT occurs when V P exceeds the built-in potential (V bi ). Accordingly, the minimum collector current for triggering electron injection behavior is given as J C(trigger) = J H /α PNP , where α PNP is the common-base current gain of PNP transistor. It can be concluded from Eq. (3) that the increases of L BL and ρ help to get a smaller J C(trigger) , which is conductive to improve both the forward conduction and turn-off characteristics of EI-IGBT.
The influence of N + -buried layer length and N + -buried layer depth on the J C(trigger) is shown in Fig. 4 . It can be seen that the J C(trigger) declines with the increasing of the L BL and D BL . That is because the increases of the L BL and D BL contribute to the increase of R b . Especially, for the EI-IGBT with L BL of 11.5µm and D BL of 2.2µm, the J C(trigger) is about 50A/cm 2 . It indicates that the electron injection behavior of EI-IGBT can be easily triggered at low collector current density. Once triggered, the EI-IGBT shows an observably higher current density as shown in the inset of Fig. 4 . On the other hand, as expected from Eq. (3), when the collector current of EI-IGBT is less than J C(trigger) , the electron injection behavior will withdraw. Fig. 5 shows the simulated movement directions of the electrons and holes for the EI-IGBT during turn-off process. It is clear that there is no electrons injected from the N + -buried layer with a collector current density of 30A/cm 2 (< J C(trigger) ). Both Fig. 4 and Fig. 5 exhibit that the analysis results obtained with Eq. (3) show good accordance with the simulation results.
III. RESULTS AND DISCUSSION
In order to verify the operation mechanism and advantage of the proposed EI-IGBT, numerical simulations were performed with MEDICI simulator [13] . In these simulations, both the EI-IGBT and C-IGBT devices are designed with blocking capability of 600 V class. Unless otherwise specified, the optimized parameters of the proposed EI-IGBT and C-IGBT are shown in Table 1 . Fig . 6 shows the carrier concentration distributions for both the EI-IGBT and C-IGBT devices in the forward conduction state. It can be seen that, compared with C-IGBT, the EI-IGBT features a higher carrier concentration in the whole N-drift region. Especially, in the vicinity of P-base/N-drift junction, both the hole and electron concentration reaches up to 3×10 16 cm −3 , which is larger than the background doping concentration (1 × 10 14 cm −3 ). This means that high level injection occurs in the vicinity of P-base/N-drift junction. As mentioned before, this is due to the fact that the existence of the N + -buried layer in P-base region enhances the electron injection, which results in an enhanced conductivity modulation. Accordingly, the higher carrier plasma in the EI-IGBT leads to a lower forward voltage drop. Fig. 7 shows the output characteristics of the EI-IGBT and C-IGBT at the different VOLUME 5, NO. 4, JULY 2017 277 gate voltages. The forward voltage drop of the EI-IGBT at V GE of 10V is 1.51 V, which is decreased about 23% compared with that of the conventional one (the V F is 1.96V). Fig. 7 also illustrates that the EI-IGBT possesses saturation property because of the limitation of electron current of MOS 1 at saturation region. Fig. 8 gives the dependence of the forward breakdown voltage and forward voltage drop on N + -buried layer length at different depths of N + -buried layer. It is found that the larger D BL and L BL will contribute to improving the forward conduction characteristics without sacrificing the blocking capability. This is because R b is increased with the increasing of D BL and L BL . Consequently, a larger R b contributes to a lower J C(trigger) , which leads to an earlier triggering of electron injection behavior of EI-IGBT, as shown in Fig. 4 . Fig. 9 shows the turn-off current and voltage waveforms under resistive load conditions [14] at the same V F . It illustrates that the turn-off current drops abruptly which shows almost no current tail. So, a short turn-off time (t off ) of 0.23 µs is obtained for the proposed EI-IGBT. It is decreased by 80% in comparison with that of the C-IGBT (the turn-off time is 1.16 µs). Such difference is a result of the different turn-off mechanisms in the two devices. In EI-IGBT, electrons are injected from the N + -buried layer into P-base region at the beginning of the turn-off process, these electrons significantly accelerate the recombination rate and reduce the t off . For the C-IGBT, a lower recombination rate due to a lack of excess electrons causes a longer t off [15] . The electron injection can be confirmed by comparisons of carrier distributions during the turn-off process. As shown in Fig. 10 (a) and (b) , for EI-IGBT, the electron concentrations exceed the background doping concentration of the N-drift region until time t 1 , and the hole concentrations exhibit similar profiles in this period. The simultaneous presence of the high densities of both electrons and holes increases the electron-hole recombination rate. However, for C-IGBT, the electron concentrations rapidly drop below the background doping concentration and the low electron concentration 278 VOLUME 5, NO. 4, JULY 2017 region expands further with the increase of time. Low electron concentrations make the holes of C-IGBT decay slowly during the entire turn-off process. The tradeoff between the V F and E off for both the EI-IGBT and C-IGBT at different collector doping concentrations are comparatively illustrated in Fig. 11 [2] , [16] , [17] . It shows that the trade-off curves of the proposed EI-IGBT are below that of the conventional IGBT. Apparently, a larger N + -buried layer length makes a better performance in both V F and E off . At the same V F of 1.8V, the E off of the EI-IGBT with L BL of 11.5µm is 11.2mJ. It is decreased by 72% compared with that of the conventional one (the E off is 39.9mJ). Characterizations of EI-IGBT under inductive load conditions are also important, corresponding research is ongoing and will be reported elsewhere.
The short circuit safe operating area (SCSOA) of the EI-IGBT at 125 • C is studied. Simulated SCSOA performances of EI-IGBT and C-IGBT are shown in Fig. 12(a) . It can be seen that the short-circuit failure of EI-IGBT and C-IGBT occur after 11µs and 13µs, respectively. The voltage and current variations in EI-IGBT during short circuit testing are plotted in Fig. 12(b) , where the device is successfully turned off after 10µs. The simulation results indicate that the SCSOA of EI-IGBT is slightly degraded compared with that of C-IGBT, but it is still successfully turned off after 10µs, which meets the standard requirement of IGBT products [18] .
IV. FABRICATION PROCESS DISCUSSION
The introduced N + -buried layer in the P-base region contributes to improve the E off -V f tradeoff performances, the key process to fabricate N + -buried emitter layer must be taken seriously. Fig. 13 shows the key process to fabricate EI-IGBT. The EI-IGBT fabrication is distinguished from the C-IGBT in the sense that the arsenic implantation is implemented after forming the lower P-base region, following that is the epitaxial growth process to form the upper P-base layer [5] . To control the doping concentration, depth and width of the N + -buried layer, arsenic is chosen as the dopant because its diffusion coefficient is one order of magnitude lower than that of phosphorus. After the formation of N + -buried layer, follow-up processes should be carried out in a relatively low temperature to suppress the redistribution of impurities.
A combined process and device simulation is implemented with Tsuprem-4 and Medici TCAD tools [12] , [19] , [20] . In our work, the starting wafer is a <100> oriented, N-type FZ wafer, has a resistivity of 40∼50 .cm. At the beginning of the fabrication process, the wafer undergoes an implantation of boron ions for the lower P-base. The choice of doses is based on the IGBT blocking capability. The drive-in step is performed in inert ambient for about 200 min at 1150 • C. After that is the arsenic implantation to form the N + -buried layer. Then a P-type layer with a thickness of 2µm is grown by epitaxial process at 1050 • C to form the upper P-base layer. Afterwards, the gate trench is etched and a 0.1µm gate oxide is grown at 900 • C, followed by the deposition and pattern of polysilicon. And following fabrication processes are the same as those of conventional IGBT. The combined simulation results show that the EI-IGBT exhibits a breakdown voltage of 730 V, V F of 1.53 V, E off of 11 mJ/cm 2 and SCSOA of 10 µs, which are consistent with previous device simulation results. Fig. 14 gives the combined simulation results of the V F and E off as a function of the N + -buried layer implantation dose with different upper P-base epitaxial growth condition. The simulation results show that both V F and E off are not sensitive to the fabrication process, which indicates that the proposed EI-IGBT features a good fabrication process tolerance.
V. CONCLUSION
In this letter, an advanced IGBT with electron injection is presented to improve the forward conduction and turnoff characteristics. The electron injection is implemented to increase the electron density, resulting in an accelerated electron-hole recombination during the turn-off process and a reduced forward voltage drop in the on-state. Simulation results show that the proposed EI-IGBT structure achieves an 80% reduction in t off and (or a 72% reduction in E off ) or a 23% reduction in V F , indicating that a reduction of the total energy loss is achieved in comparison to the conventional IGBT. From 1988 to 1996, he was with UESTC, working on power semiconductor devices research and development.
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